Mesenchymal stem cells (MSCs) show high potential for the therapy of several human diseases; however, the effectiveness of MSC transplantation has been hampered by the relatively poor migratory capacity of these cells toward disease target sites. This study investigated whether treatment of MSCs with two mood stabilizersFvalproic acid (VPA) and lithiumFwould enhance cell migration and, if so, to explore the mechanisms underlying their effects. Short-term (3 h) exposure of MSCs to a relatively high concentration (2.5 mM) of VPA markedly increased the transcript and protein levels of CXC chemokine receptor 4 (CXCR4). VPA-induced CXCR4 expression required inhibition of histone deacetylases (HDACs), including the HDAC1 isoform, and involved histone hyperacetylation at the promoter region of the CXCR4 gene. Notably, VPA treatment enhanced stromal cell-derived factor-1a (SDF-1a)-mediated MSC migration, which was completely blocked by AMD3100, a CXCR4 antagonist. Treatment of MSCs with lithium (2.5 mM for 1 day) selectively elevated the transcript and protein levels of matrix metalloproteinase-9 (MMP-9) and its enzymatic activity; these effects were mimicked by inhibition or gene silencing of glycogen synthase kinase-3b (GSK-3b). Lithium treatment also potentiated SDF-1a-dependent MSC migration across the extracellular matrix, which was suppressed by two MMP-9 inhibitors, doxycycline and GM6001. Combining VPA and lithium treatment further increased MSC migration. Overall, VPA and lithium stimulated MSC migration through distinct targets and mediators: HDAC-CXCR4 and GSK-3b-MMP-9, respectively.
INTRODUCTION
Mesenchymal stem cells (MSCs) show high potential to treat several human diseases and some MSC-related clinical trials are now underway (Bernardo et al, 2009; Parekkadan and Milwid, 2010; Clinicaltrials.gov, 2010) . In addition to mechanisms for cell replacement, MSCs possess therapeutic effects for immunomodulation, trophic action, neuroprotection, and stimulation of angiogenesis (Lindvall and Kokaia, 2010; Parekkadan and Milwid, 2010) . Despite these advances, MSC-based therapy still needs to be standardized and optimized (Kumar et al, 2008) . One key feature of MSCbased therapy is that MSCs must find their way to disease target sites after being transplanted; however, the homing ability of MSCs toward therapeutic targets is limited (Parekkadan and Milwid, 2010; Karp and Leng Teo, 2009 ). Thus, enhancing the migratory capacity of MSCs to increase the number of MSCs that are able to reach relevant disease target areas may improve the overall therapeutic efficacy of MSC transplantation.
Valproic acid (VPA) has been routinely used to treat bipolar disorder and epilepsy for decades (Koch-Weser and Browne, 1980) . It is well known that VPA exerts multiple pharmacological effects, including its ability to enhance g-aminobutyric acid (GABA) neurotransmission, while reducing glutamate and dopamine neurotransmission in the brain (Haddad et al, 2009) . Recent studies have shown that VPA shows neuroprotective effects in cellular and animal models of neurodegenerative diseases, including stroke . In the animal model of stroke, postinsult treatment with VPA elicits multiple beneficial effects, including infarct volume reduction, suppression of neuroinflammation, induction of neurogenesis, and improved behavioral performance (Kim et al, , 2007a Ren et al, 2004) . The neuroprotective effects of VPA occur by initially inhibiting histone deacetylases (HDACs) (Göttlicher et al, 2001; Phiel et al, 2001) , which have a prominent role in transcriptional regulation . In some cases, VPA also inhibits the activity of glycogen synthase kinase-3 (GSK-3) by enhancing its serine phosphorylation to activate specific signaling pathways and transcription (Kim et al, 2005) . A recent study reported that VPA enhances the expression of CXC chemokine receptor 4 (CXCR4) in hematopoietic stem cells (Gul et al, 2009) . CXCR4 is an a-chemokine receptor specific for stromal cellderived factor 1a (SDF-1a), a molecule endowed with potent chemotactic activity first noted in lymphocytes (Raz and Mahabaleshwar, 2009) . Because MSC migration is also mediated by SDF-1a/CXCR4 interaction (Kitaori et al, 2009; Thieme et al, 2009; Wang et al, 2008) , it is possible that inducing CXCR4 expression may promote the migration potential of MSCs. However, whether VPA upregulates CXCR4 in MSCs and enhances the migratory capacity of MSCs remains unclear.
The Wnt signaling pathway has an essential role in development and in adult tissue homeostasis (Verheyen and Gottardi, 2010) . In addition, Wnt signaling is critically involved in the regulation of MSC migration (Neth et al, 2007) . Wnt pathway activation inhibits GSK-3b, leading to upregulation of target genes (Neth et al, 2007) . Lithium, which is also a frequently used major mood stabilizer (Price and Heninger, 1994) , activates the Wnt downstream signaling pathway by inhibiting GSK-3b, either directly or indirectly through serine phosphorylation of the kinase (Chuang, 2005) . In addition, lithium has been shown to enhance levels of GABA, acetylcholine, and 5-hydroxytryptamine in the brain and to inhibit dopamine-mediated neurophysiological functions (Price and Heninger, 1994) . Similar to VPA, lithium shows neuroprotective effects in multiple in vivo and in vitro experimental settings (Chuang and Manji, 2007) . Lithium treatment has been shown to enhance the migratory capacity of MSCs (Neth et al, 2006) , but the underlying mechanisms remain elusive.
In this study, we showed that VPA treatment enhanced MSC migration capacity by increasing CXCR4 expression through HDAC inhibition. Lithium treatment also promoted MSC migration accompanied by upregulation of matrix metalloproteinase-9 (MMP-9) through inhibiting GSK-3b. Consistent with our previous observations that combined treatment with VPA and lithium produces synergistic/additive neuroprotective effects (Feng et al, 2008; Leng et al, 2008) , we found that VPA and lithium co-treatment further increased the migratory capacity of MSCs.
MATERIALS AND METHODS

Cells and Chemicals
Cryopreserved rat MSCs were purchased from Cell Applications (San Diego, CA). These MSCs preserved the ability to differentiate into adipocytes and osteoblasts (Supplementary Figure 1a and b). All MSCs used in the studies were at the fifth passage of cultivation. MSCs were plated at a density of 2000 cells/cm 2 and expanded in rat MSC culture medium (Cell Applications) at 37 1C in a humidified atmosphere containing 95% air and 5% CO 2 , according to the manufacturer's instructions. MSCs were treated with VPA (0.2 to 20 mM) and/or lithium chloride (0.5 to 20 mM) for different periods as mentioned in the Results section. Cells were then harvested after 4 days for subsequent experiments except immunocytochemistry, which was performed after 2 to 3 days. Chemicals used in the experiments included VPA, lithium chloride, sodium butyrate, AMD3100, doxycycline (Sigma-Aldrich, St Louis, MO), trichostatin A (TSA), GSK-3b inhibitor VII (a-4-dibromoacetophenone; Calbiochem, San Diego, CA), MS-275 (Government Scientific Source, Reston, VA), SB415286 (Tocris Bioscience, Ellisville, MO), and GM6001 (Millipore, Billerica, MA).
Immunocytochemistry
MSCs cultured on chamber slides were washed with phosphate-buffered saline (PBS) and then fixed in 4% paraformaldehyde (FD Neurotechnologies, Catonsville, MD) for 10 min at room temperature. After fixation, cells were blocked with 5% normal goat serum (Sigma-Aldrich) for 2 h at room temperature and then incubated overnight at 4 1C with the following primary antibodies: anti-CD54 (1:100; Millipore), anti-fibronectin (1:1500; Millipore), anti-collagen type I (1:500; Millipore), anti-b1-integrin (1:200; Millipore), anti-CD73 (1:100; Santa Cruz Biotech, Santa Cruz, CA), anti-CD90 (1:200; Millipore), anti-CD14 (1:1000; Millipore), and anti-CD45 (1:1000; Millipore). Samples were then washed and incubated for 2 h at room temperature with the appropriate fluorescence dye-conjugated secondary antibodies (1:200; Invitrogen, Eugene, OR). Nuclei were stained with 4 0 , 6-diamidino-2-phenylindole (DAPI) included in the mounting medium (Vector Laboratories, Burlingame, CA). For the bromodeoxyuridine (BrdU) cell proliferation study, MSCs were incubated with 100 mM BrdU (Invitrogen) for 1 h at room temperature. After fixation with 4% paraformaldehyde for 30 min at 4 1C, MSCs were acidified with 1 N HCl for 30 min at 45 1C, blocked with 5% normal rabbit serum (Sigma-Aldrich), and then incubated with anti-BrdU antibody (1:130; Abcam, Cambridge, MA) overnight at 4 1C, followed by rabbit anti-sheep secondary antibody conjugated with fluorescein (1:200; Abcam) for 2 h at room temperature. Fluorescent labeling was examined using a fluorescence microscope (BX61 Olympus, Center Valley, PA) equipped with a digital camera.
Quantified and Reverse Transcription-Polymerase Chain Reaction (PCR)
Real-time quantified PCR and reverse transcription-PCR was conducted as previously described (Leng and Chuang, 2006) . In brief, total RNA was extracted from cultured cells using an RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. cDNA synthesis was performed from 2 mg of total RNA for each sample using a cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) as per the supplier's instructions. Quantitative PCR reactions were run in triplicate for each sample with each primer set on a 7500 Real Time PCR System (Applied Biosystems). Taqman primers, including CXCR4, MMP-9, MMP-2, MMP-3, membrane type 1-MMP (MT1-MMP), and b1-integrin, were used with b-actin primer (Applied Biosystems) as the internal control for each sample. For reverse transcription-PCR, the following specific primers were used: for rat CXCR4, 5 0 -ACTTCAA CAGGATCTTCCTGCCCA-3 0 (forward) and 5 0 -TGGAGCC TCTGCTCATGGAATTGA-3 0 (reverse), and for rat b-actin, 5 0 -CCACAGCTGAGAGGGAAATCG-3 0 (forward) and 5 0 -AG TAACAGTCCGCCTAGAAGCA-3 0 (reverse).
Measurement of Cell Viability
The mitochondrial dehydrogenase activity that reduces 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was used to determine cell survival in a quantitative colorimetric assay, as previously described (Leng and Chuang, 2006) . MSCs were incubated with MTT (25 mg/ml) added directly to the growth medium for 1 h at 37 1C. The medium was then aspirated, and the formazan product was dissolved in dimethylsulfoxide and quantified spectrophotometrically at 540 nm. The results are expressed as a percentage of viability of the control culture.
Western Blot Analysis
MSCs cultured in 10-cm dishes were detached by scraping and sonicated for 35 s in ice-cold lysis buffer. Lysates were measured for protein concentrations using a BCA Protein Assay (Thermo Scientific, Rockford, IL), as previously described (Leng and Chuang, 2006) . Equal amounts of protein from each sample were loaded into a 4-12% Nupage Bis-Tris gel (Invitrogen), and then subjected to electrophoresis. After separation, proteins were transferred to a nitrocellulose membrane (Invitrogen), blocked with milk, and incubated overnight at 4 1C with a primary antibody against CXCR4 (1:500; Abcam), acetylated histone-H3 on Lys9 and Lys14 (1:2000; Upstate Biotechnology, Lake Placid, NY), MMP-9 (1:1000; Millipore), GSK-3b (1:2000; BD, Franklin Lakes, NJ), phospho-GSK-3b Ser9 (1:1000; Cell Signaling, Beverly, MA), phospho-GSK-3ab Tyr279/216 (1:300; Upstate Biotechnology), GSK-3a (1:4000; Santa Cruz Biotech), or b-actin (1:30 000; Sigma-Aldrich), in 0.1% Tween 20/PBS and then with an HRP-labeled secondary antibody (1:2000; GE Healthcare, Chalfont, UK) at room temperature for 2 h. The reactive bands were visualized by detecting chemiluminescence on the membrane. Semiquantitative evaluation of the bands was performed by densitometric analysis and the protein expression levels were normalized to that of the house-keeping gene b-actin.
To analyze MMP-9 levels in culture medium, MSCs were cultured in 2.5-cm dishes with 1 ml culture medium for 1 day. A total of 750 ml of the culture medium was then incubated with 200 ml Gelatin-Sepharose 4B beads (GE Healthcare) for 1 h at 4 1C. The beads were collected after centrifugation, and bound MMP-9 was eluted by incubation with 100 ml elution buffer (10% dimethyl sulfoxide, 5 mM CaCl 2 , 0.05% Brij-35, and 0.02% NaN 3 in Tris-buffered saline, pH 7.4) for 30 min at 4 1C with gentle shaking. Aliquots of 30 ml of samples were then electrophoretically separated as described above.
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assays were performed using the ChIP-IT Express Magnetic Kit (Active Motif, Carlsbad, CA) as previously described (Leng and Chuang, 2006) . In brief, MSCs were treated with or without VPA for 24 h, cross-linked with 37% formaldehyde (MG Scientific, Pleasant Prairie, WI), and then lysed, followed by centrifugation. The nuclear pellet was resuspended in shearing buffer and sonicated at 30% power, 5 Â 20 s to shear DNA into 200-1500 bp fragments. An aliquot of the DNA mixture (10 ml) was taken for 'input DNA' analysis, which was further used as an internal control. An equal amount of the protein/DNA complex was then incubated with magnetic beads in the presence of an antibody against acetylated histone-H3 (3 mg) at 4 1C overnight. Immunoprecipitated DNA was then eluted, the cross-linking was reversed, and the DNA was purified. The CXCR4 promoter region was PCR amplified for 36 cycles using forward primer 5 0 -AGCCGAGTAGCCCTCAGTGTCC-3 0 and reverse primer 5 0 -CCATTTCGTTCTCACCCTGTGC-3 0 .
Chamber Migration Assay
Chemotaxis was assayed using modified 10-well Boyden chambers and polycarbonate membrane filters with an 8-mm pore size (Neuro Probe, Gaithersburg, MD), with or without coating. For coating, membranes were incubated with human extracellular matrix (BD) at 1.4 mg/ml for 2 h at 37 1C, and then dried overnight at room temperature under sterile conditions. The dried membranes were hydrated with MSC culture medium for 30 min at 37 1C before experimentation. Prewarmed MSC culture medium containing rat SDF-1a (Prospec, Rehovot, Israel) was added to the lower chambers. Aliquots of the cell suspension (1 Â 10 5 cells/ 100 ml) were loaded onto the upper chambers and incubated for 18 or 24 h (37 1C, 5% CO 2 ). After incubation, cells on the top surface of the filters were removed. Cells that had migrated into the lower compartment and attached to the lower surface of the filter were counted after fixation with 4% paraformaldehyde for 5 min and staining with DAPI. Migratory capacity was expressed as a migration index, which was the ratio of cell migration number in a given condition over that of the respective control. Each measurement was derived from at least three independent experiments.
Zymography for MMP Enzymatic Activity
MSCs with or without lithium treatment were lysed with lysis buffer (5 mM CaCl 2 , 0.05% Brij-35, 0.02% NaN 3 , and 1% Triton X-100 in Tris-buffered saline, pH 7.4). After sonication for 35 s, 0.6 mg protein in 554 ml was incubated with 200 ml Gelatin-Sepharose 4B beads for 1 h at 4 1C with gentle rotations. The beads were collected by centrifugation and the MMP-2 and MMP-9 were eluted by incubation with 100 ml elution buffer for 30 min at 4 1C with gentle shaking. Equal amounts of samples (30 ml) were electrophoretically separated on 10% Zymogram gel (Invitrogen). Gels were washed with renaturing buffer (Invitrogen) for 30 min at room temperature and incubated in developing buffer (Invitrogen) overnight at 37 1C. Gels were then briefly washed with water and stained with SimplyBlue Safestain (Invitrogen) for 90 min when the clear bands of gelatinolysis appeared on a dark blue background. The gels were dried and scanned for densitometry.
Lentiviral shRNA Gene Knockdown
GSK-3b Mission small hairpin RNA (shRNA) plasmids and non-targeting shRNA control vector (Sigma-Aldrich) were used for GSK-3b knockdown. shRNAs were designed against GSK-3b mRNA, and the sequences were 5 0 -CCG GCATGAAAGTTAGCAGAGATAACTCGAGTTATCTCTGC TAACTTTCATGTTTTT-3 0 (no. 615) and 5 0 -CCGGCGGGA CCCAAATGTCAAACTACTCGAGTAGTTTGACATTTGGG TCCCGTTTTT-3 0 (no. 617). The control vector produced a corresponding scrambled shRNA, with a sequence of 5 0 -CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGC TCTTCATCTTGTTGTTTTT-3 0 . Human epithelial kidney cells (HEK 293T/17) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and plated onto 2.5-cm dishes at a density of 1 Â 10 5 cells per dish. The day after plating, shRNA plasmids were transfected into cells with a reagent containing 0.5 mg plasmid DNA, 5 ml lentiviral packaging mix (Sigma-Aldrich), and 3 ml FuGENE transfection reagent (Roche, Nutley, NJ) in 2 ml DMEM per dish. The culture medium was collected on days 2, 3, and 4 after transfection; 2 ml fresh medium was added after each collection. The collected culture medium containing lentiviral vectors was immediately added to the 2.5-cm dishes containing cultured MSCs. After incubation for 30 h, MSCs were harvested for protein analysis.
Statistical Analyses
Values are expressed as mean ± SEM from at least three independent experiments. Statistical significance was analyzed by either one-way (one variable) or two-way (two variables) ANOVA followed by LSD post hoc comparisons. Two-tailed P-values of o0.05 were considered statistically significant. The SPSS software was used for statistical analyses.
RESULTS
Stem Cell Characterization
Immunocytochemical analyses showed that almost all MSCs showed positive immunoactivity to MSC markers, including CD54 (99.7%), fibronectin (99.4%) (Figure 1a ), collagen type I (99.3%), b1-integrin (99.9%), CD90 (97.6%), and CD73 (95.5%) (Supplementary Figure 1c to e) (Prockop, 1997; Brooke et al, 2008; Dominici et al, 2006) . In contrast, and as expected, no MSC had immunoactivity to protein markers such as CD14 (a monocyte and macrophage marker) or CD45 (a leukocyte marker; data not shown).
VPA Enhanced CXCR4 Expression
VPA treatment for 24 h increased CXCR4 transcript levels in MSCs in a concentration-dependent manner, as quantified by real-time PCR (Figure 1b) . Because of the dramatic enhancement of CXCR4 transcript levels by VPA (88 ± 12-fold increase with 10 mM VPA over the control), we verified CXCR4 expression by reverse transcription-PCR using different CXCR4 primer pairs. At 35 PCR cycles, CXCR4 transcript levels were higher with 10 mM than 2.5 mM VPA; no signal was detected without VPA treatment (Figure 1c ).
At 40 PCR cycles, CXCR4 signals had reached a plateau with 2.5 mM VPA, and only a weak band appeared without VPA treatment. These results confirmed that VPA robustly enhances the expression of CXCR4 in MSCs.
However, it was noted that treatment with VPA for 24 h at high doses (42.5 mM) induced morphological changes characterized by formation of abnormal cytoplasmic vacuoles in MSCs (Figure 1d ). In addition, VPA inhibited MSC proliferation revealed by BrdU incorporation in a dose-dependent manner, with a significant effect noted even at concentrations of 0.2 mM VPA (Figure 1e ). These adverse effects were prevented by short-term (3 h) VPA treatment followed by culture in fresh medium (drug washout; Figure 1d and f). Using an MTT cell viability assay, treatment with VPA for 24 h at high doses (5 and 10 mM) caused some MSC death, and this detrimental effect was avoided by 3-h VPA treatment followed by drug washout (Supplementary Figure 2) .
We then examined CXCR4 transcript levels under different VPA treatment durations (2.5-10 mM). Surprisingly, shortterm (3 h) VPA treatment enhanced CXCR4 transcript levels most robustly (Figure 1g ). Treatment with 1 mM VPA, which is within the plasma therapeutic levels (0.35-1.0 mM) (McEloroy and Keck, 1995) , for 1-3 days produced little or no increase in CXCR4 transcript levels. Western blotting studies confirmed that VPA elevated CXCR4 protein levels in MSCs (Figure 1h ). After treatment with 10 mM VPA for 3 h, MSCs were further incubated for various times with fresh medium (drug washout). At 3 h after drug washout, CXCR4 protein levels were elevated by 2.6±0.6-fold over control. Levels of acetylated histone-H3 increased rapidly, with an almost threefold increase at 1 h after washout. MMP-9 levels were not significantly altered under these conditions.
VPA Enhanced CXCR4 Expression Through HDAC Inhibition
VPA treatment for 24 h dose dependently increased acetylated histone-H3 and tended to decrease MMP-9 levels by 14-and 0.63-fold, respectively, compared with their controls at 10 mM (Figure 2a) . In contrast, levels of phospho-GSK-3b Ser9 were unchanged. ChIP assays showed that treatment with VPA at 2.5 or 10 mM elevated CXCR4 promoter-associated acetylated histone-H3 levels in MSCs (Figure 2b ). The ability of VPA to increase CXCR4 transcript was mimicked by treatment with sodium butyrate and TSA, two structurally similar and dissimilar HDAC inhibitors that inhibit class I and II HDACs . Treatment with either HDAC inhibitor for 24 h dose dependently increased CXCR4 transcript levels in MSCs (Figure 2c ). Class I HDACs include HDAC1, HDAC2, HDAC3, and HDAC8 ). MS-275, an HDAC1-specific inhibitor, also enhanced CXCR4 expression in a dose-dependent manner in the concentration range of 5-50 mM. These results strongly suggest that VPA enhances CXCR4 expression through HDACs, including the HDAC1 isoform.
VPA Promoted MSC Migration Through CXCR4 Upregulation
Using SDF-1a as a chemotactic agent in modified Boyden chamber, MSCs dose-dependently migrated from the upper indicating proliferation inhibition, VPA treatment for only 3 h followed by VPA washout for 21 h prevented proliferation inhibition. (g) VPA increased CXCR4 transcript levels dose dependently with the highest expression levels at 3 h of treatment, as analyzed by quantified PCR. (h) MSCs were treated with 10 mM VPA for 3 h and then cultured with fresh medium; cells were harvested at different time points after VPA-washout. Levels of acetylated histone-H3 and CXCR4 protein peaked one and three hours after VPA washout, respectively, whereas MMP-9 levels did not change throughout the 2-day washout as determined by western blotting. Acetyl-H3 indicates acetylated histone-H3. Values are mean ± SEM. Data in (h) were analyzed by two-way ANOVA. *po0.05; **po0.01; ***po0.001 when compared with respective control, except in (f).
chamber across the membrane (without coating) to the lower chamber during the test period of 18 h (Figure 3a) . Pretreatment with 2.5 mM VPA for 3 h significantly increased MSC migratory capacity (two-to three-fold increase) in the presence of either 20 or 100 ng/ml SDF-1a (Figure 3b ). VPA did not affect the basal migratory capacity of MSCs measured in the absence of exogenous SDF-1a. Co-treatment of MSCs with AMD3100 (5 mM), a CXCR4 antagonist, nullified the effects of VPA on cell mobility (Figure 3c ). These results suggest that VPA promotes MSC migration by upregulating CXCR4.
Lithium Enhanced MMP-9 Expression
We next studied the effects of treatment with lithium, another mood stabilizer, on the migration of MSCs. We first screened the effects of lithium on levels of several migration-related transcripts in MSCs. Lithium chloride treatment dose dependently increased MMP-9 transcript levels in the concentration ranges examined (Figure 4a ). Lithium also elevated CXCR4 and MMP-2 expression, but only at very high concentrations (45 mM). Transcript levels of MMP-3, MT1-MMP, and integrin b1 were unchanged by lithium treatment. Western blotting revealed that lithium increased MMP-9 protein levels at a concentration of 2.5 mM, but CXCR4 protein levels did not increase even after treatment with high lithium concentrations (Figure 4b ). Zymography showed that treatment with 2.5 mM of lithium also increased MMP-9 enzymatic activity, but not that of MMP-2 (Figure 4c ). The increase in MMP-9 protein levels was detected not only in MSCs, but also in the culture medium (Figure 4d ), indicating that the release of MMP-9 from MSCs was also increased by lithium treatment.
To search for optimal treatment conditions for lithium, we treated MSCs with 1 or 2.5 mM lithium chloride for different periods, and found that treatment with 2.5 mM lithium for 1 day elicited the highest increase in MMP-9 transcript levels in MSCs (Figure 4e ). We further treated the MSCs with 2.5 mM lithium for 1 day followed by drug washout, and noted that the increase in MMP-9 protein levels persisted for at least 1 day after drug removal ( Figure 4f ).
Lithium Enhanced MMP-9 Expression Through GSK-3b Inhibition
Lithium treatment of MSCs for 1 day increased the ratio of phospho-GSK-3b
Ser9 over total GSK-3b levels in a dosedependent manner, whereas total GSK-3b levels were unchanged (Figure 5a ). The lithium-induced increase of phospho-GSK-3b
Ser9 lasted for 12 h after drug washout (Figure 4f ). Lithium treatment had no effect on levels of phospho-GSK3b
Tyr or acetylated histone-H3 (Figure 5a ). These results suggest that lithium inhibits GSK-3b by enhancing Ser9 phosphorylation of GSK-3b in MSCs.
To investigate the relationship between GSK-3b inhibition and MMP-9 expression, we first treated MSCs with two pharmacological GSK-3b inhibitors. Inhibitor VII (an ATPnoncompetitive inhibitor) and SB415286 (an ATP-competitive inhibitor) increased MMP-9 protein levels in MSCs in a time-and dose-dependent manner, respectively (Figure 5b ). To more specifically inhibit GSK-3b, we then used lentiviral GSK-3b shRNA (615 and 617). After transfection of MSCs with the lentiviral GSK-3b shRNA 615, GSK-3b levels decreased to 57% of the shRNA-null control with a concomitant increase of MMP-9 protein levels to 188% (Figure 5c ). The knockdown of GSK-3b with lentiviral GSK-3b shRNA 617 was less effective in decreasing GSK-3b protein levels and upregulating MMP-9. Neither lentiviral shRNA affected the protein levels of CXCR4, GSK-3a, nor the house-keeping gene b-actin. These results strongly suggest that lithium-induced MMP-9 expression is mediated, at least in part, by GSK-3b inhibition.
Lithium Promoted MSC Migration by Upregulating MMP-9
To link lithium-induced MMP-9 to MSC migration, we coated the filter membranes of modified Boyden chambers with extracellular matrix, a substrate of MMP-9. Using SDF1a as a chemotactic agent in the lower chamber, pretreatment with lithium for 1 day increased MSC migration in a dose-dependent manner during the test period of 24 h (Figure 6a) . Thus, lithium at 1 and 2.5 mM enhanced MSC migration by 38-55 and 66-75%, respectively, in the presence of 20 or 100 ng/ml of SDF-1a. Co-treatment of MSCs with the MMP-9 inhibitors doxycycline (15 mg/ml) or GM6001 (25 mM) largely reduced lithium's effects on migration (Figure 6b and c) . Together, these results suggest that lithium promotes MSC migration by upregulating MMP-9. Both MMP-9 inhibitors also robustly suppressed the migratory capacity of MSCs induced by SDF-1a in the absence of lithium, suggesting that pre-existing MMP-9 in MSCs has an important role in MSC migration through the extracellular matrix.
Combined VPA and Lithium Treatment Exerts Additive MSC Migratory Effects
As shown above, VPA and lithium promoted MSC migration, likely through upregulation of CXCR4 and MMP-9, respectively. Because the two drugs enhanced migration through distinct mechanisms, we co-treated MSCs with VPA and lithium to assess possible additive effects. MSCs were treated with 2.5 mM VPA for 3 h (À6 to À3 h) and/or lithium for 24 h (À24 to 0 h), followed by drug washout (Figure 7a ). Protein levels of CXCR4, MMP-9, acetylated histone-H3, and phospho- Ser9 were all increased during 18 h of washout, but with different time courses (Figure 7b) . Notably, CXCR4 protein levels increased with a peak at 6 h after washout, whereas MMP-9 levels showed a trend of gradual increase over time.
MSC migratory capacity was then analyzed over a period of 24 h after drug washout using extracellular matrix-coated filter membranes and the chemotactic agent, SDF-1a. Pretreatment with VPA or lithium increased the MSC migratory capacity by 1.4-to 1.8-fold or 1.6-to 1.7-fold, respectively, in the presence of 20 or 100 ng/ml of SDF-1a (Figure 7c ). Combined treatment with VPA and lithium further enhanced MSC migration by 2.9-to 3.3-fold. These additive enhancing effects were markedly diminished by the presence of AMD3100 or GM6001, and completely blocked by their co-presence (Figure 7d ). These results suggest that enhancing CXCR4 and MMP-9 affects MSC migration in different ways.
DISCUSSION
This study presents evidence that treatment with VPA or lithium enhanced the migration of MSCs and elucidates the underlying mechanisms involved in upregulation of CXCR4 or MMP-9, respectively. We also showed that combined treatment with VPA and lithium additively enhanced MSC migration, further supporting the notion that different mechanisms are involved in the actions of these two agents on this phenomenon. In addition, we carefully investigated Figure 3 VPA treatment increased migratory capacity of MSCs by upregulating CXCR4. (a) Using SDF-1a as a chemotactic agent (20-1000 ng/ml) in a modified Boyden chamber, the migration of MSCs from the upper chamber across the membrane (without coating) to the lower chamber was measured over 18 h. The migration index (representing migratory capacity) was the ratio of cell migration number in a given condition over that of the control. (b) Pretreatment with VPA for 3 h followed by drug washout increased MSC migratory capacity. (c) Copretreatment with VPA and AMD3100 (5 mM) for 3 h followed by drug washout nullified the effects of VPA on cell migration. Values are mean ± SEM. *po0.05; **po0.01; ***po0.001 when compared with control in (a) or between indicated groups. the optimal conditions required for VPA and lithium to upregulate CXCR4 and MMP-9 and, ultimately, to affect MSC migration. Results indicated that treatment of MSCs with 2.5 mM VPA for 3 h or 2.5 mM lithium for 24 h produced the most optimal effects. Recent clinical and/or preclinical studies have shown that MSC-based therapy is beneficial for the treatment of several human diseases, including cerebral ischemia (Bang et al, 2005; Dharmasaroja, 2009 ), myocardial infarction (Hare et al, 2009) , amyotrophic lateral sclerosis (Vercelli et al, 2008) , spinal cord injury (Deng et al, 2006) , multiple sclerosis (Bai et al, 2009) , and musculoskeletal disorders (Centeno et al, 2008) . The results of this study suggest that VPA and/or lithium can be used as priming drugs to enhance the migratory capacity or homing effects of MSCs toward disease target sites after transplantation, which might expand the clinical use of these two mood stabilizers.
The role of SDF-1a and CXCR4 interaction in MSC-based therapy is well recognized (Cheng et al, 2008; Segers et al, 2007; Wang et al, 2008) . Until now, there has been no simple and effective way to upregulate CXCR4 in MSCs. Therefore, our finding that high concentrations of VPA are capable of robustly increasing CXCR4 transcript levels in MSCs is particularly significant. It should be noted that despite extremely high levels (up to 100-fold) of CXCR4 transcriptional upregulation by VPA, CXCR4 protein levels were increased transiently by only two-to three-fold. The disparity between CXCR4 mRNA and protein levels suggests that the synthesis and/or degradation of CXCR4 protein is tightly regulated, underscoring the complexity in the modulation of CXCR4 expression by VPA.
Although VPA inhibited MSC proliferation and caused cytotoxicity at high concentrations, a 'pulse' VPA treatment prevented these adverse effects without affecting HDAC inhibitory ability. VPA has been shown to inhibit class I (HDACs 1, 2, 3, and 8) and class IIa (HDACs 4, 5, 7, and 9) by directly binding to the active sites of these HDACs (Göttlicher et al, 2001; Phiel et al, 2001) . Several lines of evidence support the notion that VPA-induced transcriptional activation of CXCR4 in MSCs is related to HDAC inhibition. First, the ability of VPA to induce CXCR4 and to promote MSC migration is dose-and time-dependently correlated with VPA-induced histone H3 hyperacetylation Fan index of HDAC inhibition. Second, the upregulation of CXCR4 transcript is associated with histone hyperacetylation in the promoter region of the CXCR4 gene, indicating Ser9 and MMP-9 increased by 24-h lithium treatment continued to rise after drug washout, with peaks at 12 and 24 h, respectively. Data in (a-d) and (f) were analyzed by two-way ANOVA. *po0.05; **po0.01; ***po0.001 when compared with respective control. chromatin remodeling. Third, other HDAC inhibitors, including sodium butyrate, TSA, and MS-275, mimic the ability of VPA to increase CXCR4 mRNA levels. Sodium butyrate and TSA inhibit class I and II HDACs, whereas MS-275 preferentially inhibits the HDAC1 isoform at the doses used in this study . Together, our results suggest that HDAC1 is involved in the induction of CXCR4 by VPA; however, the role of other HDAC isoforms of class I and IIa cannot be excluded.
Transcriptional regulation of CXCR4 in cancer stem cells seems to be mediated by signaling of TGF-b, nodal, and activin, and to involve several transcription factors including POU5F1, FOXA2, SOX17, and p53-GFI1 (Katoh, 2010) . Interestingly, sodium butyrate potentiated the expression of SOX17 and FOXA2 in human embryonic stem cells (Jiang et al, 2007) . It is also notable that CXCR4-mediated motility/ migration of human osteosarcoma cells depends on the MEK1/2, ERK, and NF-kB signaling pathways (Huang et al, 2009) . In this context, VPA has been shown to be a robust activator of MEK/ERK signaling (Einat et al, 2003) , suggesting that this effect could also contribute to VPAinduced, CXCR4-mediated MSC migration.
The migratory capacity of MSCs is enhanced by activation of Wnt signaling pathways, which includes inhibition of GSK-3b (Neth et al, 2007) . Lithium, a well-known GSK-3b inhibitor, enhanced MSC migration with a concomitant increase in Ser9 phosphorylation. By screening the transcripts of several migration-related proteins, we found that MMP-9 was selectively upregulated by lithium; MMP-9 protein levels and enzymatic activity were also increased in MSCs, and MMP-9 protein levels were elevated in the culture medium. Although lithium increased CXCR4 and MMP2 transcripts at exceedingly high concentrations (10-20 mM), there was no change in their levels of transcripts, protein, and/or enzymatic activities at commonly used doses (0.5-2.5 mM) of this drug. MT1-MMP has been implicated in promoting MSC migration (Neth et al, 2006) ; however, lithium was unable to increase MT1-MMP expression under our experimental conditions. In addition, other ATP-competitive and non-competitive GSK-3b Ser9 levels in a dose-dependent manner, whereas there was no change in phospho-GSK-3b Tyr and acetylated histone-H3 levels, as determined by western blotting. (b) GSK-3b inhibitor VII and SB415286 increased MMP-9 protein levels in MSCs in a time-and dose-dependent manner, respectively. (c) After knockdown of GSK-3b by transfection with the lentiviral GSK-3b shRNA in MSCs, MMP-9 protein levels increased compared with those transfected with lentiviral null. Acetyl-H3 indicates acetylated histone-H3. Values are mean±SEM. Values are mean±SEM. Data in (a, c) were analyzed by two-way ANOVA. *po0.05; **po0.01; ***po0.001 when compared with control.
inhibitors also elevated MMP-9 protein levels, as did selective silencing of GSK-3b using its shRNA. In rat primary astrocytes, GSK-3b inhibition mediates MMP-9 expression through ERK1/2 activation and subsequent NFkB nuclear translocation (Kim et al, 2007b) . Whether a similar mechanism is involved in lithium-induced MMP-9 expression in MSCs requires further investigation.
Pharmacological inhibition of MMP-9 activity by doxycycline or GM6001 abolished lithium potentiation of SDF1a-dependent MSC migration through the extracellular matrix, supporting the notion that MMP-9 has a role in this drug-induced effect. MMP-9 is also involved in the motility of leukocytes, cancer cells, and stem cells by degrading components of extracellular matrix molecules (Starckx et al, 2002) . Conversely, migration of vascular smooth muscle cells is reduced by blocking MMP-9 expression through GSK-3b activation by rosiglitazone treatment ). Moreover, MMP-9 inhibition attenuated the homing of neural stem cells in a mouse model of cerebral ischemia (Kang et al, 2008) . Thus, pretreatment of MSCs with lithium to enhance MMP-9 expression through GSK-3b inhibition might increase the migration speed with which MSCs arrive at target lesion sites, thus improving their beneficial effects after transplantation.
The results of this study suggest that two mood stabilizers, VPA and lithium, enhance the migratory capacity of MSCs through different pathways: HDAC-CXCR4 for VPA, and GSK-3b-MMP-9 for lithium. In support of this notion, we found that short-term VPA treatment did not affect MMP-9 levels and failed to increase GSK-3b
Ser9 phosphorylation. Although SDF-1a and CXCR4 can activate MMP-9 in neural stem cells (Barkho et al, 2008) , we found no change in MMP-9 transcript levels after treating MSCs with a wide concentration range (20-500 ng/ ml) of SDF-1a for 15 h (data not shown). On the other hand, treatment with lithium or knockdown of GSK-3b with its shRNA selectively upregulated MMP-9 with no effect on CXCR4 expression. A scheme illustrating the initial targets and mediators by which VPA and lithium enhance MSC migration is shown in Figure 8 .
Because of the involvement of distinct mechanisms in VPA-and lithium-induced MSC migration, it is not surprising that combined pretreatment with both drugs produced an additive effect on cell mobility. Under these treatment conditions, levels of CXCR4, MMP-9, acetylated histone, and phospho-GSK-3b
Ser9 were all time dependently increased. Recent studies from our laboratory showed that co-treatment with VPA and lithium resulted in synergistic/ additive neuroprotective effects against excitotoxicity in primary brain neurons and behavioral benefits in a mouse model of amyotrophic lateral sclerosis (Feng et al, 2008; Leng et al, 2008) . Clinically, VPA and lithium are also frequently used together to treat individuals with bipolar disorder who are resistant to monotherapy with either drug (Lin et al, 2006) . Overall, the evidence suggests that VPA and lithium, notably when administered together, might enhance the migratory ability of MSCs, thus possibly optimizing their effectiveness in stem cell therapy. Future in vivo experiments are mandatory to test the homing and therapeutic effects of VPA/lithium-primed MSCs in various models of human diseases. assistance in statistical analysis, and Ms Ioline Henter and Dr Joshua Hunsberger of the National Institute of Mental Health for assistance in the preparation of the paper.
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The authors declare no conflict of interest. Figure 7 Additive enhancement of migratory capacity by VPA and lithium co-treatment in MSCs. (a) MSCs were treated with 2.5 mM VPA for 3 h (À6 to À3 h) and 2.5 mM lithium for 24 h (À24 to 0 h) and then cultured with fresh medium (drug washout). Cells were harvested at 0, 6, and 18 h for western blotting, and cell migration experiments were initiated at 0 h and terminated at 24 h. (b) Acetylated histone-H3 and phospho-GSK-3b
Ser9 protein levels increased after VPA and lithium co-treatment, followed by increases of CXCR4 and MMP-9 protein. (c) MSCs in a modified Boyden chamber migrated within 24 h from the upper chamber across the ECM-coated membrane to the lower chamber, in which SDF-1a (100 ng/ml) was present. The migration index was the ratio of cell migration number in a given condition over that of the control. (d) Pretreatment with VPA and lithium increased MSC migratory capacity, which was nullified by co-incubating MSCs with AMD3100 (5 mM) and GM6001 (25 mM) either alone or in combination. Acetyl-H3 indicates acetylated histone-H3. Values are mean ± SEM. Data in (b) were analyzed by two-way ANOVA. *po0.05; **po0.01; ***po0.001 when compared with control in (b) or between the indicated groups. Figure 8 A schematic illustration of the actions of VPA and lithium on migration of MSCs. VPA inhibits the activity of class I/IIa HDACs, leading to hyperacetylation in the promoter of the CXCR4 gene and subsequent enhancement of CXCR4 expression. Through interaction with SDF-1a, VPA-induced CXCR4 triggers MSC migration toward regions containing higher concentrations of SDF-1a. On the other hand, lithium inhibits GSK3b either directly or indirectly through phosphorylation at the Ser9 site and promotes MMP-9 expression. MMP-9 is then secreted and digests ECM to also increase MSC migration. VPA and lithium thus enhance MSC migration by differential mechanisms and their co-presence induces additive effects on the migratory capacity of MSCs.
